Introduction
The fixation process for electron microscopy studies must be controlled to provide reliable data. The basis of the fixative protocol has been kept constant for several years: suitably fixing small tissue pieces by immersion in aldehyde and/or osmium tetroxide and then progressively dehydrating the samples before resin-embedding, ultrathin sectioning and final staining with heavy-metal salts (Worthen and Wickham 1972; Lighezan et al. 2009 ). However, although the fixation methods are considered to be the critical step for preserving the tissue and for stabilizing proteins present in the tissue, these methods vary depending on the published study. Problems primarily arise when fixation does not follow the correct protocol, when perfusion cannot be performed (e.g., human samples) or when the samples are processed for light microscopy studies. These circumstances can hinder a suitable interpretation of the results, can limit their assessment or can introduce artifacts (Westrum and Lund 1966; Nasr et al. 2007 ). The possibility of considering all these samples suitable for electron microscopy studies would allow the assessment of samples not currently available for this technique. Therefore, a high proportion of tissue bank samples that are being currently wasted because of their fixation protocols could be included in ultrastructural studies, which constitute a valuable source for materials and information regarding healthy and pathological cases. In fact, this subject has been previously examined due to its methodological effect (Lighezan et al. 2009 ) but not with nervous system pathologies.
Abstract Because few studies regarding ultrastructural pathological changes associated with natural prion diseases have been performed, the present study primarily intended to determine consistent lesions at the subcellular level and to demonstrate whether these changes are evident regardless of the fixation protocol. Thus far, no assessment method has been developed for classifying the possible variations according to the disease stage, although such an assessment would contribute to clarifying the pathogenesis of this neurodegenerative disease. Therefore, animals at different disease stages were included here. This study presents the first description of lesions associated with natural Scrapie in the cerebellum. Vacuolation, which preferentially occurs around Purkinje cells and which displays a close relation with glial cells, is one of the most novel observations provided in this study. The disruption of hypolemmal cisterns in this neuronal type and the presence of a primary cilium in the granular layer both represent the first findings concerning prion diseases. The possibility of including samples regardless of their fixation protocol is confirmed in this work. Therefore, a high proportion of tissue bank samples that are currently being wasted can be included in ultrastructural studies, which constitute a valuable source for information regarding physiological and pathological samples.
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In contrast, ultrastructural studies regarding pathological changes due to transmissible spongiform encephalopathies (TSEs), which are a group of lethal neurodegenerative diseases affecting animals and human beings, are scarce. Using electron microscopy, the observation of scrapieassociated fibrils (SAFs) has been confirmed as the only pathognomonic lesion described for TSEs (Liberski 1994) , which, therefore, has been used as a diagnostic tool since the first studies of TSEs (Merz et al. 1981; Hope et al. 1986 ) by applying a specific protocol. Only a few authors have focused their interest on the ultrastructural morphology of rodent TSE models (Jeffrey et al. 1991; Jeffrey and Fraser 2000; Liberski et al. 1990; Liberski 2008a) , and even fewer have focused on natural disease, with studies primarily in sheep (Bignami and Parry 1972a, b; Sasaki et al. 1986 ). All of these studies seem to consistently describe vacuolation and tubulovesicular structures (Jeffrey and Fraser 2000) , coated spiral membranes (Bastian 1979) with coated pits (Ersdal et al. 2003) , multivesicular bodies (Liberski et al. 2012 ) and the proliferation or microfolding of plasma membranes ) as the most evident ultrastructural pathological changes in TSEs.
Since the first TSE studies, the most specific ultrastructural changes, namely vacuolation and tubulovesicular structures, have been considered the only specific ultrastructural features of TSEs (Liberski 1994) , despite the difficulty in finding these features on some occasions. They have been described in Scrapie (Bignami and Parry 1971) , BSE (Liberski et al. 1992a ) and Creutzfeldt-Jakob disease (CJD; Liberski et al. 1990 Liberski et al. , 1992b , primarily relating to terminal axons and dendrites. Coated pits and spiral membranes can be found not only in association with these structures (Ersdal et al. 2003) but also next to the plasmalemma of neurites and neuronal perikarya .
Additionally, although vacuolation appears in several degenerative pathologies, vacuolation could also be considered a specific feature for TSEs. This feature is confined to dendrites and to a lesser extent in neuronal perikarya, axons and axon terminals (Jeffrey et al. 1991; Ersdal et al. 2003) . These vacuoles are unbounded or are bounded by a single (Ersdal et al. 2003) or double membrane, perhaps depending on the progress of the disease (Jeffrey et al. 1991) .
The primary objective of this work was to develop an exhaustive study comparing different fixation procedures for electron microscopy, with the aim of clarifying whether the different protocols can hamper the evidence of pathological changes in nervous tissue. Healthy control and Scrapie samples (at different stages of the disease: preclinical, clinical and terminal) fixed by different protocols were compared to study their influence on recognizing specific pathological changes associated with prion diseases by electron microscopy and, consequently, to determine whether the presence of these changes depends on the stage of the disease.
Although electron microscopy is rarely used, its capability to not only provide a final diagnosis despite the autolytic state of samples but also to act as a sensitive diagnostic alternative for resolving TSE cases with extremely low concentrations of PrPsc has been demonstrated in a recently published study (Sarasa et al. 2013) . In the present work, this technique was applied to provide definite pathological information not exclusively regarding Scrapie but also regarding several other neurological diseases.
Materials and methods
Serial 1 mm sections were collected under a dissecting microscope from sagittal sections of cerebellum corresponding to Scrapie-affected sheep. A representative area from molecular, granular and Purkinje layers as well as white matter was included in all of them. Different fixation methods were applied on each of them. Animals from flocks where no Scrapie cases had been ever diagnosed were selected as negative controls for each protocol (Table 1) .
Perfusion under deep anesthesia with paraformaldehyde or a mixture of 2 % paraformaldehyde-2.5 % glutaraldehyde was performed in order to collect the area studied.
All the protocols developed were approved by the Ethical Committee for Animal Welfare from the University of Zaragoza. Those cerebellar samples which had been stored (immersed in paraformaldehyde for several years or paraffin embedded afterward) were provided by the tissue bank of Research Centre for Encephalopathies and Transmissible Emerging Diseases. Paraffin-embedded samples were subjected to deparaffination prior to postfixation.
Regardless the fixation protocols, postfixation with glutaraldehyde 2.5 and 2 % osmium before embedding in araldite (Durcupan, Fluka AG, Buchs SG, Switzerland) was followed in all cases. Ultrathin (0.08 µm) sections were cut from 1 % toluidine blue-stained semi-thin sections. (1.5 μm), collected on Formvar-coated single-slot grids and counterstained with 1 % uranyl acetate and Reynold's lead citrate for 10 min. All samples were examined under FEI Tecnai G2 Spirit (60,000 kV).
A first comparative assessment among samples undergoing each one of the fixation protocols applied was performed. Specifically, it was based on parameters providing information about the sample preservation: membrane and mitochondrial crest preservation and homogeneity of matrix.
Moreover, all and each one of those lesions regarding TSEs previously cited by other authors (vacuolation, tubulovesicular structures, coated spiral membranes, pits and vesicles, multivesicular bodies and proliferation/microfolding of plasma membranes) were assessed in all samples in order to confirm whether they were identifiable regardless the fixation protocol.
Results
Regardless of the fixation method, all of the studied samples showed well-preserved membranes, mitochondria crests and homogeneous content in the matrix. As expected, those samples subsequently embedded in paraffin showed a poorer preservation of their ultrastructure compared with those samples only fixed with aldehydes to acquire higherquality images. However, all of the samples allowed ultrastructural changes associated with Scrapie to be observed, despite some samples having undergone unsuitable fixation methods (Fig. 1) . Pathological changes associated with Scrapie were not found in any control samples, regardless the applied fixation method.
The most consistently found observation in Scrapieaffected samples consisted of vacuolation, primarily around Purkinje cells. These vacuoles were evidently different from artifacts based on membrane disruption and had curled fragments inside. Notably, these vacuoles were always found in close association with glial processes (Fig. 2a) .
Regarding the remaining ultrastructural pathological changes, including tubulovesicular structures, coated pits/ vesicles and increased numbers of multivesicular bodies were rarely found, except for membrane proliferation. These changes were all identified in some, but not all, Scrapie samples. Findings similar to tubulovesicular structures Micrographs corresponding to cerebella from healthy and Scrapie-affected animals assessed for sample preservation demonstrated that all samples are suitable for electron microscopy studies allowing their assessment since they were shown preserved membranes and mitochondria crests and homogeneous content in matrix regardless the fixation method applied (bar size 1 μm)
previously described by other authors were identified in 5/7 Scrapie samples (Fig. 2b) . Structures that could correspond with those named spiral structures could not be identified, and coated vesicles were rarely found (2/7 Scrapie-affected cases; Fig. 2c ). Multivesicular bodies were found in Scrapie and also in control samples (Fig. 2d) . Nevertheless, membrane proliferation was evident in all Scrapie cases (Fig. 2e) . Notably, a novel finding is the disruption of hypolemmal cisterns, which was indicated by consistent increases in size, dilation and/or disorganization of flattened cisterns in Purkinje cells from all animals at terminal stages (Fig. 2f) . Additionally, the presence of a structure primary cilium in relation with prion diseases has been first described here. This nanostructure emerges from a position near the nucleus in a granular cell. Pericentriolar satellites are originated from a basal body, and the axoneme is visible emerging from a depression of the plasma membrane named ciliary pocket, in which the primary cilium is rooted (Fig. 2g) . In addition to the evident increase in glial filaments associated with astrocytic hypertrophy (Fig. 2h) observed in cerebella from all Scrapie animal models compared with negative control animals, some other changes related to neurodegeneration, such as autophagy, apoptosis (Fig. 2i) , dystrophic neurites and altered or degenerative myelin (Fig. 2j) , were frequently observed.
Finally, vacuolation was only clearly observed at the final stages of the disease (Fig. 3) . Meanwhile, the remaining pathological features were more easily identifiable at previous stages most likely because the degenerative Fig. 2 Ultrastructural findings evidenced in affected Scrapie animals having undergone different fixation methods. a Perineuronal vacuolation (V) in Purkinje cells (P) was always visualized in relation with astroglial cells. (A) Vacuoles found were possible to be distinguished from artifacts based on that they showed membrane disruption and curled fragments inside (paraformaldehyde/glutaraldehyde perfused; bar size 2 μm). b Tubulovesicular structures (TVS) corresponding to those previously described by other authors were found in cerebella from these animals (glutaraldehyde immersed; bar size 1 μm). c Coated vesicles (*) were clearly, despite not frequently evidenced in them (paraformaldehyde immersed; bar size 0.5 μm). d Multivesicular bodies (MVB) were found (although also in control animals; paraformaldehyde/glutaraldehyde perfused; bar size 0.5 μm) e Membrane proliferation (*) was a frequent finding in these affected animals (paraformaldehyde/glutaraldehyde perfused; bar size 0.5 μm). f An increase (*) and disorganization (¤) of flattened cisterns whose appearance corresponds to rough endoplasmic reticulum was consistently found in Purkinje cells, mainly at terminal stages of the disease (paraformaldehyde immersed; bar size 1 μm). g A primary cilium was found in the granular layer of a cerebellum corresponding to one animal (paraformaldehyde/glutaraldehyde perfused). The ciliary pocket (arrows) and pericentriolar satellites from the basal body (arrow head) are the most evident ciliary structures shown in the image (bar size 1 μm). h An evident increase of glial filaments associated with astrocytic hypertrophy was observed in all affected animals (glutaraldehyde immersed; bar size 0.5 μm). i Apoptotic nuclei showing the chromatin condensed in large masses at the periphery of the nucleus presenting a disrupted nuclear envelope was evidenced in some occasions (paraformaldehyde/glutaraldehyde perfused; bar size 5 μm). j Alteration of myelin was one neurodegenerative change frequently found in affected cerebella (paraformaldehyde immersed; bar size 5 μm) ▸ changes present at terminal Scrapie made the evidence of lesions extremely difficult to observe.
Discussion
Based on criteria previously considered to be indicators of good preservation (Jeffrey et al. 1991) , the most valuable conclusion drawn from the results provided in this study consists of the adequacy of samples fixed by applying different protocols. Although images with too many artifacts for proper assessment by electron microscopy have been reported because of suboptimal fixation in other studies, the present study has demonstrated that samples that were not fixed by standard methods can also be used for electron microscopy studies to assess pathological lesions in nervous tissue. Finding specific Scrapie lesions has been not hampered in any cases associated with different fixation methods.
As expected, aldehydes are confirmed to provide good preservation of the central nervous tissue for electron microscopy studies, although differences regarding the type of aldehyde and the protocol applied exist among the aldehyde samples. Osmium tetroxide fixation (Palade and Porter 1954) was the most common method until Sabatini et al. (Sabatini et al. 1963 ) demonstrated better preservation of membranous structures when samples fixed in osmium had been preimmersed in aldehyde, providing a more detailed appearance of fine structures. Paraformaldehyde was proposed as the first standard fixation method (Chandler 1967) ; however, some protocols that included glutaraldehyde were also assessed because this aldehyde seemed to improve tissue preservation (Sabatini et al. 1963) . A sequential fixation by aldehydes followed by osmium tetroxide has been finally the method of choice for most laboratories (Franke et al. 1969) . Currently, glutaraldehyde is the most commonly used usually the fixation method because glutaraldehyde has been considered the most rapidly penetrating fixative (van Harreveld and Khattab 1968). Thus, samples immediately fixed in glutaraldehyde after dissection showed acceptable results, gaining relevance in human material where perfused samples are unavailable. Additionally, because this method had been previously standardized, perfusion with a mixture of glutaraldehyde and paraformaldehyde seems to be the best fixation protocol for highquality image acquisition (Jeffrey et al. 1991; Ersdal et al. 2003 Ersdal et al. , 2004 Jeffrey et al. 2004 ). Nevertheless, although formaldehyde has been rejected or at least replaced by glutaraldehyde in most of the electron microscopy studies, in the present work, formaldehyde is demonstrated to be an acceptable fixative agent not only by perfusion but also by immersion.
The adequate results by this fixation method are extremely valuable for those tissue bank samples that are usually kept in formaldehyde for many years. Despite its methodological relevance, no previous studies have thoroughly examined this subject. The capability of this aldehyde to avoid autolysis and to maintain the ultrastructure of tissues even after a long period (Sabatini et al. 1963) has been confirmed in this work, supporting its effectiveness for the fixation and ultrastructural study of these samples. Moreover, the possibility of using paraffin-embedded samples that provide acceptable results, at least sufficient results for adequate diagnosis after proper protocols (van den Bergh Weerman and Dingemans 1984), has already been provided for other pathologies (Wang and Minassian 1987; Ogiyama and Ohashi 1994; Dingemans and Ramkema 2001; Nasr et al. 2007; Liberski et al. 2009 ) but not for prion diseases. Only specific lesions, such as those lesions associated with thin basement membrane nephropathy (TBMN, Nasr et al. 2007 ), seemed to be affected by this process. In all of these cases, the effectiveness would most likely be related to immersion in 10 % neutral buffered formaldehyde before paraffin embedding, which improves the results of fixation and which leads to results similar to those results provided by glutaraldehyde on some occasions (Liberski et al. 2009 ). Some authors have also proposed this combination of formaldehyde and paraffin embedding as a preference instead of prolonged fixation in formaldehyde. However, this same group described some problems that arise due to osmication combined with resin embedding, which prevents gold immunolabeling, most likely due to antigen masking or to destruction by the resin (Liberski et al. 2009 ). Moreover, as has been mentioned in this report, other fixative protocols have been demonstrated to be more suitable for obtaining better micrographs.
Concerning the currently established assessment of pathological changes specific for TSEs, these features are difficult to find, which has been demonstrated in the present study and which is consistent with findings previously described by some other authors. This fact is most likely related to the extremely limited size of the area assessed by this microscopy technique and to the lack of accuracy in describing this area in most published studies. Additionally, this situation makes it difficult to draw definite conclusions regarding specific ultrastructural lesions and to compare results provided between studies. Differences in the clinical stage also seem to provide some variations in observations, as has been demonstrated in this study. Additionally, using electron microscopy to address prion diseases has been scarce, with only a few authors using this method.
To our knowledge, no electron microscopy studies regarding cerebellum from natural Scrapie animals have been developed thus far. Therefore, vacuolation primarily around Purkinje cells, disruption of hypolemmal cisterns in this same neuronal type and the presence of primary cilium in one of the assessed layers were first described in the present study.
Invariably, the visualized vacuoles presented those features previously described, including membrane disruption and curled fragments of the membrane inside secondary chambers and vesicles (Liberski et al. 1992a) , which seem to correspond to membranous debris. These characteristics allow a distinction to be made between disease-associated vacuoles and those vacuoles that could appear in normal brains (Jeffrey et al. 1991) or that could be associated with other degenerative changes due to disrupted homeostasis or autolysis. In contrast, although astrocytes display reactive changes, such as hypertrophy, hyperplasia or degenerated remnants of cellular processes , the involvement of this glial population in prion diseases has not been described thus far. In all of these previous studies, neurons have been described as the primary affected target of prion diseases. However, the preferred location of vacuoles around Purkinje cells is always observed with glial cells present, as demonstrated in this study, which constitutes the first observation concerning a possible close relation between vacuoles and glia, suggesting a more relevant role of these glial cells than that currently accepted.
The single membrane nature of vacuoles may suggest that some of these vacuoles arise in the endoplasmic reticulum (Ersdal et al. 2003) . Lamellar bodies, which are defined as parallel stacks of membranes, have been reported in association with this same organelle. Concerning Purkinje cells, lamellar bodies would be described as many flattened cisterns stacked into lamellae, similar to those cisterns visualized in Fig. 2f . Although these subcellular structures had been already described (Hirano 1989) , the increase in size by adding new cisterns to the previous core lamellae, its disorganization and/or disruption, which may be a biological protective reaction (Banno and Kohno 1996) , has been first found here. In fact, these structures have been associated with high levels of PrPsc in prion diseases (Ersdal et al. 2004) . Considering that the earliest steps of abnormal PrP formation possibly occur in the endoplasmic reticulum and, subsequently, in rafts on the plasma membrane (Harris 2001) , this organelle is expected to be heavily involved, as is shown in this study by the observed disrupted morphology (increased in size, disorganized or dilated).
Regarding other pathological lesions, such as tubulovesicular bodies, their low presence has already been described by other authors (Bignami and Parry 1971; Liberski 2008a) and observed in only one of all the analyzed samples on some occasions (Ersdal et al. 2003 and . However, some studies found numerous tubulovesicular structures (Liberski et al. 1990 (Liberski et al. , 2012 . Variations in the study design which were based on experimental inoculation against natural infection or on the stage of the incubation period (Jeffrey and Fraser 2000) could explain these divergent results. Additionally, the diameter of the spheres or elongated structures appearing in tubulovesicular bodies also varied from 10 nm (Liberski et al. 1992a ) to 27-30 nm (Liberski 2008b) , to 35 nm (Bignami and Parry 1971) and to 40 nm (Jeffrey et al. 1991) , perhaps because of the variable swelling or dehydration that might occur during tissue preparation (Liberski 2008b) . Occasionally, tubulovesicular bodies have been mistaken for multivesicular bodies (Ersdal et al. 2009; Liberski et al. 2012) or for synaptic vesicles in axons (Ersdal et al. 2003; Liberski 2008a, b) . All of these divergences have widely caused doubts regarding the consideration of these structures as highly specific ultrastructural epiphenomenon (Liberski and Brown 2007) . Considering the results presented in this study, which have been found in affected TSEs and in no healthy cases, although their presence may be less frequent than that described by other authors in experimental models, these structures would be confirmed disease-specific structures observed in situ. Their appearance early in the incubation period of the disease, as previously described and confirmed in this study, supports their potential as a morphological component closely linked to the basic disease pathomechanism (Liberski et al. 2012) . Nevertheless, the possibility that these structures represent a transitional step in the dynamic process toward degenerative changes should be considered because this possibility could explain all of the disagreements in the literature and the difficulty of not only identifying but also distinguishing from findings associated with the dynamic process of axonal neurodegeneration.
In contrast, tubulovesicular and multivesicular bodies are both related to PrPsc compartments, facilitating the change from normal PrP to an abnormal isoform, and are even considered to be precursors of spongiform change (Laszlo et al. 1992) . The function of multivesicular bodies seems to be related to a type of endosome and to autophagy (Fader and Colombo 2009) and are considered similar to vesicles with endosomal constituents toward late endosomes or prelysosomes, later acquiring lysosomal characteristics (Murphy 1999) , with additional or fewer internal vesicles because of the grade of maturing (van Deurs et al. 1993) . However, a different type of secretory multivesicular endosomes is currently accepted to coexist within the same cell (Raposo and Stoorvagel 2013) . In fact, exosomes have been suggested to contribute to intercellular membrane exchange and to the spread of prions throughout the organism (Fevrier et al. 2004 ). Specifically, astrocytederived extracellular vesicles have been associated with the propagation of pathogenic proteins in neurodegenerative disorders (Frühbeis et al. 2013) , which would further support the relevant involvement of this glial type in TSEs, as suggested in the present study. The presence of multivesicular bodies observed in affected animals in this work would suggest that this organelle may participate in adaptive responses during vulnerable stages (von Bartheld and Altick 2011), considering that these bodies are critical for protein trafficking and for cell homeostasis. However, confirming whether their dysfunction might contribute to neurodegeneration is not possible because this finding has been not exclusive to affected individuals.
Coated vesicles were primarily associated with invaginations of plasmalemma as described by Ersdal et al. (2003) . However, their presence was much lower than that previously observed in other studies (Reyes and Hoenig 1981; Ersdal et al. 2004; Jeffrey et al. 2004) . Additionally, spiral inclusions were originally interpreted as spiroplasma but, subsequently, seemed to be suggestive of derivatives of microtubules (Liberski et al. 2005) or of membranes. Considering this suggestion and because these structures were not found in this study, these structures constitute a chance finding. Consequently, all of these observations seem to support a low relevant role for both structures in the biology of PrPc and PrPsc.
In contrast, the ultrastructural pathological changes described in neurodegenerative processes were found with high frequency. Many glial fibrils were observed in all Scrapie samples, which were similar to the prominent bundles of glial filaments composed of glial acidic fibrillar protein and vimentin observed by Norenberg (1994) , characteristically visualized in reactive astrocytes. Lafarga et al. (1991) described an evident increase in Bergmann glia in two cases of CJD. However, no further studies indicating the close association between astrocytes and vacuolation, as evidenced in this study, have been published. In association with astrocytosis, other signs of degeneration, such as dystrophic neurites, autophagy, apoptosis or altered myelin, which could appear to be degenerated, phagocytosed or associated with vacuolated areas, have been shown in the present study and previously described by Chandler (1967) . Their exact role in TSEs and whether these signs are protective or destructive remain unclear.
Regarding the primary cilium found in the cerebellum from a Scrapie-affected animal in the present study, this structure has been recognized as a common ultrastructural feature in the cerebellar flocculus in guinea pig (VighTeichmann et al. 1980) but not in the granular layer in sheep, as demonstrated in this study. New lines of research have branched off to investigate the role of this slender microtubule-based organelle (9 + 0) in neuronal signaling or in adult neurogenesis (Luesma et al. 2013) , and mutations in ciliary proteins have also been proposed as possible causes of important neurological disturbances (Lee and Gleeson 2011) . To our knowledge, the only two studies thoroughly examining this structure have been related to Huntington disease (Keryer et al. 2011) and to amyotrophic lateral sclerosis (Peterson and Turnbull 2012) , both demonstrating alterations in the genesis of this organelle.
Finally, the assessment of individuals at different stages of TSEs was first described in the present study, which demonstrated an extremely late occurrence of vacuolation, which could constitute a useful approach to understanding the neurodegenerative process of prion diseases because electron microscopy provides indisputable observations. In summary, although perfusion with glutaraldehyde is currently widely accepted as the best fixation method for electron microscopy, the possibility of including samples fixed by other methods for diagnostic aims is confirmed in this work. Fixation methods using formaldehyde, perfusion or immersion, and paraffin embedding are demonstrated to be acceptable methods for studying TSEs. The effectiveness of formaldehyde even in prolonged periods allows the use of tissue bank samples, increasing the availability of 1 3 samples for the study of this disease and other neurodegenerative diseases.
First description of lesions associated with natural Scrapie in cerebellum is developed here. Vacuolation, preferably located around Purkinje cells and showing a close relationship with glial cells, is one of the most outstanding observation provided here. Disruption of hypolemmal cisterns in these neurons and primary cilium present in granular layer are first described in the present study.
